A detailed comparison is made between the theoretical two-pian-exchange amplitudes and the experimental values for the left-hand-cut contribution in nucleon-nucleon scatte:ring for both the T= 1 and T=O nucleon-nucleon states in order to confirm the conclusions of the previous analysis where only the T=l states are analyzed. The conclusion obtained in the previous analysis was that the uncorrelated two-pian-exchange amplitudes can explain the T= 1 nucleon-nucleon scattering together with the effects of the one-pion, one~p-meson and one-C!)-meson exchanges and without effects of scalar mesons, if the squared momentum. of the exchanged pions is cut off at tmax"-'9,u2. It is shown in this paper that this conclusion is also valid for the T=O nucleon-nucleon states. Some positive evidence is found for the fact that the two-pian-continuum contributions are favourable over the discrete (scalar boson) poletype contributions. Implication of the small cutoff momentum, tmax '"'-'9,u2, is discussed. § 1. Introduction
§ 1. Introduction
In a previous paper!) (hereafter we refer to this paper as I), in terms of the partial wave dispersion relation, we have analyzed the experimental values for the left-hand-cut contributions 2 ) for the T= 1 nucleon-nucleon states by considering the one-, two-and three-pion-exchange effects.
There we have used the experimental vaules for the left-hand-cut contributions estimated according to Kantor's prescriptionS) and the theoretical two-pion exchange amplitudes 4 ) calculated from the CGLN amplitudes.
)
The three-pion exchange effects have been treated phenomenologically.6) The purpose of this paper is to present a more detailed analysis ,of the problem focusing mainly on the' two-pion-exchange contributions, taking both the T = 0 and T = 1 nucleonnucleon states.
In addition to this we also examine the one-boson-exchange modeF) by the dispersion relation In connection with the K-matrix method how the unfavourable features of the K-matrix method such as the p-meson coupling constants, the S-wave problem, etc. will be improved by the dispersion theoretic approach. In this paper we at~empt to determine the values of various parameters (coupling constants of bosons) so that they give best fit to the experimental data of the 3pJ, IP!, HDJ, ID2 and PI amplitudes by minimizing X2 as was done in 1. In the present analysis we take the coupling constants gi as parameters rather than the squared coupling constants gi 2 so that gi 2 >0 are always' guaranteed. The experimental values for the left-hand-cut contributions, i.e. the Kantor amplitudes, which are used in the present analysis, have' been tabulated in references 1) and 2) .*) The theoretical two-pion-exchange amplitudes are summarized in Table 1 . In this Table we give the amplitudes for the T = 0 states and the ISO state. For the amplitudes in other states, please refer to I and for the contributions from the deuteron, see the appendix of reference 2). § 3. Analysis of Kantor amplitudes by the one-pion, two-pion and one-hoson-exch,ange amplitudes
In the present analysis we consider only the contributions from vector mesons and scalar mesons in addition to the pion (one-pion and twoMpion exchanges). Other types of mesons which may' relate to the three-pion exchange are not considered, since these do hot improve the fit with experiment remarkably as was seen in 1.
For vector and scalar mesons we consider both possibilities of 1=0 and 1=1. We, however, assume that their masses are iso-spin independent. The vector meson mas,ses are taken to be 750 Me V which is close to those of the P meson and the (j) meson.
The coupling constants of these mesons are determined from the Kantor amplitudes of the above mentioned nine states at three energies, T 1ab = 95, 142 and 210 MeV and four (T= 1) states at 50 MeV. Therefore, the expected value of the chi square, X2, is 31 minus the number of free parameters and the standard deviation is AX2 = ../2 xX2~7.
'
(A) Before we give a detailed analysis of the two-pion exchange which will be given in the next subsection, let us see in this subsection how the consideration of the T=O nucleon-nucleon data influences the previous conclusions which have been obtained from the analysis of the data for the T= 1 states. We also see the difference of the K-matrix method and the dispersion theoretic: method. In' *) By taking the new phase shifts solutions at 50 MeV (N. Hoshizaki, Prog. Theor. Phys. 38 (1967), 1203) which were obtained from the more precise experiments recently done at INS, University of Tokyo, the T=l nucleon-nucleon amplitudes haye been re-calculated in referenc,e 1). These T=l new phase shifts at 50 MeV may naturally affect the T'=O phase shifts at 50 MeV which have not been obtained yet. Therefore, we do not involve the T=O amplitudes at 50 MeV in our discussion. More strictly speaking, the change in the T=O phase shifts at 50 MeV will also affect the Kantor amplitudes at other energies, but this effect is small. Table II , we compare the .results of I with those obtained from the analysis which also involves T= 0 states for some typical cases. As was assumed in the previous analysis, here we take 450 Me V for the scalar meson masses.
The first example is the case hex = n + V + S. If we sum up the coupling constants of the 1= 0 and 1= 1 mesons in the pn~sent results, the obtained values are in good agreement with the previous ones, as is shown in Table II .
In this Table we also show the coupling constants obtained by the K-matrix method from the same experimental data which were used to evaluate the Kantor _ amplitudes. Comparison of the numerical figures in the second and fourth rows of, this Table indicates that larger O)-meson coupling constant and smaller p-meson coupling constant are _ obtained in reference 7) compared with the dispersion relation approach, though the ·1=1 scalar meson contribution is unlikely in both cases. -The jp/gp ratio, which is negative in the K-matrix method, turns to be positive and now is consistent. with the information from the electromagnetic form factor of nucleon. *) *) It is, however, noted that the negative value is not characteristic of the· K-matrix method. In fact we obtain a positive value for small ms and g.",2/41C, as shown in the recent analysis (M.-Kikugawa, W. Watari and M. Yonezawa, Prog. Theor. Phys. Suppl. Extra Number (1968), 160).
For the S-wavestates, we use the once s,ubtracted dispersion relation to estimate the Kantor amplitudes in order to secure the convergence of the dispersion integrals. We have, therefore, to com pare the opce subtracted value of the lefthand-cut contribution with the expenmental data. *), The results are given in Fig. 1 . The agreement with experiment is improved over the case of the K-matrix method, though 110t satisfactory.
Generally speaking, the coupling constants determined from the K-matrix method seem to tend larger than those by the dispersion theoretic one. This is due to'the fact that only the on-energyshell rescattering effect IS involved III o -5. 
10.
O'~~--I~O-O--~~--~O~O--MeV (or 2rr) can well approximate nucleon-nucleon scattering and, therefore, the previous analysis which considers only the T= 1 nucleon-nucleon states gives essentially correct answers.
The best value for tmax may be at around 9/i. If we examine the values of tmax more closely, a rather small tmax as ::;8/i was favoured in the previous analysis. The consideration of the T= 0 nucleon-nucleon states slightly increases this value and we have tmax?,:-9fJ,2 in the present analysis which may somewhat slacken the impression of. the too small tmax of the previous analysis.
. (B) In the following we make a detailed investigation of the case (ii). We have shown in I that if the squared two-pion momentum t = -(k 1 + k 2 ) 2 is cut off at t max r'-J9fJ,2, then the two-pion amplitudes assume reasonable magnitude and the 1=0 scalar meson can be regarded as a phenomenological substitute for the twopion-exchange amplitudes. The main purpose of the present paper is to confirm this conclusion by performing more refined analysis by considering the T=O nucleon~nucleon states as well as the T= 1 states.
So far we have fixed the masses of the scalar meson as· 450 Me V and the pion-nucleon coupling constant gn:2/4rr as 14. 4 . In the following analysis we treat these quantities also as adjustable parameters. for the former a~d X~in~80 for the latter). This would be an evidence for the physical reality of the two-pion-continuum effects. In order to see that this improvemenf comes from the continuum nature of the L<l part rather than the higher angular momentum pion-pion states with L>2, we have separated the pion-pion states with L>2 from the two-pion-exchange amplitudes and repeated the analysis for the remainder (L<l). The results show that the improvement is mainly due to the continuum nature of the L<l part. Mindr improvement is also made by the parts with L>2 which are necessarily involved in the two-pion exchange. We also plot the scalar coupling constants Ys2/4n (1 = 0) and Ys'2/4n (1 = 1) vs. , y,,2/4n in Fig. 4 . When the two-pi on-exchange amplitudes are taken into account, sometimes the coupling constant Ys'2/4n retains finite values. The maximum values which we have encountered with is 0.09 ± 0.09. From the physical point of view, this small coupling constant Can be regarded as zero.
With tmax = 10,u2 and y,,2/4n = 13.5 we obtain a solution which is considered to be very close to the over-all minimum of X
•
This solution is given in Table III and in Fig. 5 . Figure 5a is concerned with those states of which scattering amplitudes are used to determine the coupling constants. The fit of the theory to the experiment is generally good except for the sD l and sD 2 amplitudes. The agreement with the experimental data is satisfactory ab'out these states and other higher angular momentum states. We give the theoretical and experimental amplitudes of the P2, sF J and IFs in Fig. 5b as examples of higher angular momentum states.
As noted before, in the calculation of the Kantor amplitudes for S states,
we have used the once subtracted form for the right-hand-cut contribution. This means that if we use the present values for the Kantor amplitudes we should compare the once-subtracted values for the theoretical and experimental amplitudes or we have to treat the scattering lengths as parameters. The once subtracted values of the theoretical two-pion-exchange S-wave amplitudes are given in Table I in the parentheses. The results are given in Fig.5c . It shows that the agreement with the experimental data is satisfactory both for the sSl and ISO states. These results imply that the S-wave amplitudes can be explained by the contributions from the one-pion, two-pion (including p-meson) and CO-meson exchange to considerable extent except for the scattering lengths. Conversely, the interactions which are not involved in the present analysis are of such short range nature as to mainly affect only on scattering lengths. § 4. Conclusions and a few remarks . In this paper we have repeated the same kind of analysis of I, considering both the T= 1 and. 0 nucleon-nucleon states, and we have shown the followings:
(1) The previous results obtained from the analysis of the T= 1 states also hold 'even if we consider the T= 0 nucleon-nucleon states. We can obtain the two-pion-exchange amplitudes which well explain nucleon-nucleon scattering if we take "tmax rv9ji. In this case the 1=0 scalar meson, which is an essential ingredient in the OBE model, is no longer necessary.
(2) For the OBE model, the treatment of the dispersion relation has shown an improvement on the ratio of the p-meson coupling constant, fp/g p , which is' negative in the K-matrix method and inconsistent with the electromagnetic form factor.*) Also some improvement is observed about the S-wave states. (3) The most notable fact in the present results is that the two-pion-exchange amplitudes give better fit' to the experimental data th~m the one-scalar-meson exchange.
(4) This is consistent with the analysis of the nucleon electromagnetic form factors in which the two-pion-exchange effects with uncorrelated parts markedly improve the fit with experiment. 8 ) These results indicate the favourable features of the two-pion-exchange-continuum contributions and their reality. (6) The cutoff parameter for the squared momentum of exchanged pions tmax should be understood in connection with the pion-pion interaction, and other short range interactions. In fact, it has been shown that the pion-pion interaction which does not lead into a resonance, serves as 'a cutoff factor.
)
This value of tmax is, therefore, considered in general to be state-dependent. In this sense the obtained parameter for the p meson may still subject to some change, as the present t,max' may be considered determined mainly in respect of the I==' L = 0 state. (7) It is interesting that the small tmax just corresponds to the low scalar meson mass"-"400 Me V which was obtained from the OBE analysis of the Kantor amplitudes, though the restrictions from the magnitude of the two-pion-exchange amplitude is the main factor of the requirement for such a small tmax. (8) This result implies that the force range of the contributions from the 1= L = 0 part or the scalar meson in nucleon-nucleon scattering is considerably longer than that of the 1=1 part (the p-meson I range) and the three-pion or the (j) meson. This may allow us to divide the interaction range into range of (In) >range of (IS) >range of (1 V) ....
(9) The interpretation, of these ranges in terms of the two-pion exchange gives with t max r-J9/i range of (I=L=O or IS»(3,a) -I, and, therefore, this range is very characteristic of the two-pion exchange. From the mass distribution of the exchanged two' pion, it is seen 4 ) that the L1 (1236) resonance gives very important contribution to a small t region for the 1= L = 0 part. Considering the smallness of the contrib~tions from other higher resonances 10 ) in such small t region, the present results obtained for the L1 (1236) resonanGe approximation may be valid to a considerable extent.
As the features of the interaction in the intermediate region become considerably cleared up now, .it is possible to attack the inner region of nuclear in-teractions of the smaller range than that of (1 V). The cutoff tmax,,--,9/-L2 may be interpreted as a possible representation of inner effects. Also, the consideration of the inner region effects is essential to explain the S-wave data without sub-. traction.
